Cerebral high-energy metabolites and meta bolic end products were measured during and following total cerebral ischemia in the rat. During cerebral isch emia, lactate accumulation was greatest in the hippocam pus, followed by the cerebral cortex and striatum. Fol lowing reperfusion, the rate of lactate clearance was slower in the hippocampus than in the other two regions. Regional CBF, cerebral plasma volume (CPV), and cal culated mean transit time (MTT) were determined follow ing reflow of ischemic tissue. During hyperemia, CPV, used as an indicator of capillary volume, increased con-
Survival and recovery of neurologic function af ter resuscitation following cardiac arrest is limited by the ability of the central nervous system to re cover from the ischemic event. Cerebral ischemia results in the reduction of intracellular energy me tabolites such as ATP, ADP, and phosphocreatine (PCr) and the accumulation of metabolic end prod ucts such as lactate and adenosine (Lowry et aI., 1964; Deuticke, 1966; Ljunggren et aI., 1974; Siesjo, 1981; Mabe et aI. , 1983 ). Yet, despite the return of these compounds to near control levels within a few hours after reperfusion of ischemic tissue, regions such as the CAl pyramidal cells of the hippocampus have been found to be selectively vulnerable to ischemic damage (Pulsinelli et aI., 1982; Blomqvist and Wieloch, 1985) . It is possible that the magni-comitantly with CBF while the MTT remained near the control value, suggesting that the linear flow rate through the vasculature was unchanged. During hypoperfusion, CPV returned to control values, but there was a signifi cant increase in MTT that would result from a decreased linear velocity. The finding of normal tissue energy charge, pHi ' and concentration of other metabolites dur ing hypoperfusion shows that hypoperfusion does not re sult in CBF-metabolic mismatch. Key Words: Delayed hy poperfusion-Cardiac arrest-Cerebral blood volume Resuscitation-Lactate-Hyperemia.
tude and rate of perturbation as well as the rate of normalization of cellular metabolic function influ ences the viability of these brain regions following an ischemic event.
Reperfusion of ischemic tissue results in an im mediate hyperemia followed by an extended hypo perfusion phase (Hossmann, 1982; Blomqvist and Wieloch, 1985; Todd et aI., 1986; LaManna et aI., 1988; Michenfelder and Milde, 1990) . Hyperemia is most likely the result of maximal vasodilatation caused by the accumulation of vasoactive metabolic end products such as CO2, H+, and adenosine (Siesjo, 1981) . Indeed, hyperemia has been associ ated with increased cerebral blood volume, suggest ing capillary recruitment (Tomita, 1988) . However, the state of the cerebrovascular system during hy poperfusion is not well understood. From the Stew art-Hamilton relationship, CBF is directly propor tional to cerebral blood volume (CBV) and in versely proportional to the mean transit time (MTT) (Meier and Zierler, 1954) . Thus, a more accurate depiction of the cerebral vasculature can be ob tained by the measurement of at least two of these variables.
In this study, the CBF and cerebral plasma vol ume (CPV) were measured to obtain further infor mation on the state of the cerebral vasculature dur ing hyperemia and hypoperfusion after total cere bral ischemia.
MATERIALS AND METHODS
[14C]Butanol and [3H]sucrose were purchased from Sigma. Enzymes for the assays were purchased from Sigma or Boehringer-Mannheim.
Animal preparation
All animals were male Wi star rats (350--4 10 g) procured through our animal facilities and housed there for at least 1 week on a 12-h day-night diurnal cycle. Food and water were provided ad libitum until 12-14 h before experimen tation when food was withheld to provide a moderate, consistent plasma glucose concentration. The experimen tal protocol was reviewed and approved by our institu tional Animal Care and Use Committee before implemen tation.
The rats were anesthetized with methohexital sodium (60 mg/kg, i. p. ) and a right atrial catheter was placed via the external jugular vein. An incision was made behind the right ear and the venous catheter was tunneled through to exit to the back of the neck. The ventral tail artery was cannulated to allow continuous monitoring of the systemic arterial blood pressure and to obtain samples for blood gas and plasma glucose determinations. The rats were allowed to recover from anesthesia for at least 3 h in plastic restraints. Body temperature during isch emia was maintained by an infrared heat lamp (250 W, 45 cm above the head) regulated by feedback from a rectal temperature probe. In five rats, the temperature of the temporalis muscle was recorded throughout the duration of ischemia by needle temperature probe (Yellow Springs).
Induction of total cerebral ischemia
Total cerebral ischemia (TCI) was achieved by modifi cation of the cardiac arrest model described by Blomqvist and Wieloch (1985) . Cardiac arrest was induced in the conscious, minimally restrained rat by the rapid sequen tial intra-atrial injection of d-tubocurare (0. 6 mg) and ice cold KCl solution (0. 5 M; 0. 12 ml/100 g of body weight). The d-tubocurare was necessary to block spontaneous gasping during arrest, which tends to lead to premature recovery. The KCl injection was soon enough after the d-tubocurare so as not to subject the rats to undue immo bilization stress, as was indicated by the lack of an in crease in systemic arterial blood pressure between the two injections. Rats were frozen in situ after 5, 10, 15, 20, or 30 min of ischemia without attempted resuscitation. Resuscitated animals were removed from the plastic re straint, placed in a supine position and orotracheally in tubated with a 14-gauge catheter (Angiocath). The rats were returned to a prone position and the tracheal tube was attached to a ventilator. After 8-9 min of arrest, the ventilator was activated (respiratory rate of 80 breaths/ min; tidal volume of 2.5 ml; 100% O2) and simultaneously cardiopulmonary resuscitation (CPR) was begun. Epi nephrine (2 /-Lg/ml) was briefly required within the first 3 min in about one-half of the rats to support blood pres sure. Duration of ischemia was defined as the time inter-val between the fall of the blood pressure to zero to the return of blood pressure to 80 mm Hg. The ischemic in sult in this study was 11-13 min. In 13 rats, both catheters were removed and they were allowed to recover for 7-30 days to assess neurological and histological damage.
Rats were frozen in situ during ischemia as already indicated above and at control and after 5, 10, 30, 60, and 360 min of recovery from 11-13 min of TCI by the method described by Ponten et al. (1973) .
The brains were removed in a glove box maintained at -30°C and sectioned in a cryotome. Dorsolateral cere bral cortical, striatal, and hippocampal samples were ob tained with a 1-0 bone curette. The samples were stored at -80°C.
Metabolite assays
ATP, ADP, AMP, and phosphocreatine were assayed according to the method described by Lust et al. (1981) .
Protein concentrations were assayed by the method of Lowry et al. (1951) .
Lactate and creatine were assayed by the methods de scribed by Lowry and Passonneau (1972) using fluoro metric detection of NADH.
Energy charge (EC) was calculated as by the equation described by Atkinson (1968) .
Intracellular pH was calculated from the creatine ki nase equilibrium (Rose, 1968) , where the apparent equi librium constant was determined to be 1. 41 x 108 (Mac Millian and Siesjo, 1972).
Regional CBF, plasma volume, and mean transit time Regional CBF and cerebral plasma volume were mea sured by the dual-label indicator fractionation method us ing 10 /-LCi of [14C]butanol as the blood flow tracer and 25 /-LCi of eH]sucrose as the plasma volume indicator (Sage et aI. , 1981; LaManna and Harik, 1986) . Tissue MTT was calculated from the Stewart-Hamilton equation (Meier and Zierler, 1954) after conversion of plasma volume to CBV.
Statistics
Statistical analysis was accomplished by one-way ANOV A using SPSS/PC + . Significantly different groups were identified by Tukey ' s method for multiple compar isons. An ex level of less than 0.05 was considered signif icant.
RESULTS
General characteristics of the model and physiological variables Figure 1 shows a typical blood pressure tracing of a rat subjected to approximately 10 min of cardiac arrest. The systemic blood pressure dropped to 0 within 3 s of KCI administration. CPR was initiated as indicated by the arrow and recovery (R) occurred within a few minutes. Recovery from arrest was associated with systemic hypertension that re solved over the next 15 min to near control. When attempted, resuscitation was successful about 80% of the time.
The temperature of the temporalis muscle has BG KCI CPR 3 min.
FIG. 1. Blood pressure tracing of a rat subjected to cardiac arrest-induced total cerebral ischemia. BG refers to blood gas determinations. KCI is the injection of KC!. CPR is the initiation of cardiopulmonary resuscitation. R indicates re covery.
been shown to provide a reliable estimate of brain temperature during TCl (Busto et aI., 1987) . We observed a temporalis temperature of 36. 9 ± O.loC (n = 5) after 3 min of TCI that dropped to 36. 1 ± O.loC (n = 5) following 12 min of TCI. These values were significantly different from each other (p < 0.01, paired t test). Neurological function. Of 13 rats that were al lowed to survive longer than I day, 3 died within the first 72 h of recovery. All rats demonstrated quad riplegia for the first 24-48 h of recovery. Motor sei zures were observed in 5 of the 13 animals within the first 24 h. Generally, the seizures were infre-quent «3 per animal) and of short duration «30 s). During this period, hydration and plasma glucose levels were maintained by two daily subcutaneous injections of 5 ml each of an electrolyte solution and 5% dextrose in water. By 4-5 days, the rats were able to eat, drink, groom, and move without com plication. These neurological alterations were con sistent with those reported previously for a similar model (De Garavilla et aI., 1984) .
Histology. Representative, thionin-stained his tological sections at the level of the rostral hippo campus from a non ischemic control and a long-term recovery animal are presented in Fig. 2 . Control animals showed intact CAl pyramidal cells ( Fig. 2A and 2C) while the hippocampus of all ischemic rats (10 of 10 rats that survived longer than 3 days) dem onstrated loss of these neurons ( Fig. 2B and 2D) .
Systemic arterial variables. The systemic arterial physiological variables were similar for all of the nonresuscitated groups before cardiac arrest (pH 7. 4 1-7.44, PaC02 of 36-A0 mm Hg, Pa02 of 87-9 1 mm Hg, temperature of 37-38.3°C, hematocrit of 47-50%, and plasma glucose of 6.3-7. 6 mM). Table I documents the systemic arterial physio logical variables for the rats in the reperfused Ctr  5  10  30  60  360 pH Pre-7. 39 ± 0.03 7.39 ± 0.03 7. 37 ± 0.04 7. 39 ± 0.02 7.39 ± 0.03 7.38 ± 0.04 (7) (7) (8) (7) (7) (7) Post-7. 38 ± 0. 04 7. 18 ± 0.08* 7. 19 ± 0.05* 7.33 ± 0. 03 7.34 ± 0.05 7.37 ± 0.03
Minutes of reperfusion
Pre-38 ± 3 38 ± 2 37 ± 3 38 ± 2 38 ± 3 37 ± 3 Post-36 ± 3 37 ± 8 33 ± 4 33 ± 2 34 ± 2 34 ± 4 Pa02
Pre-87 ± 3 91 ± 5 90 ± 4 88 ± 3 86 ± 4 90 ± 5 Post-!O8 ± 9 246 ± 79* 205 ± 48* 107 ± 19 135 ± 31 100 ± 13 Temp. (0C) Pre-37. 5 ± 0. 5 37.7 ± 0.4 37. 9 ± 0.4 37.6 ± 0.5 37.6 ± 0.5 37.6 ± 0.5 Post-37.0 ± 0. 1 36. 8 ± 0.4 37. 1 ± 0.4 37. 1 ± 0.2 37. 1 ± 0. 2 37. 0 ± 0. 0 HCT (%)
Pre-48 ± I 49 ± 3 50 ± 3 50 ± 4 48 ± 2 48 ± 2 (6) (6) Post-48 ± 3 53 ± 5 57 ± 1* 56 ± 3* 52 ± 2 46 ± 1 (6) (6) Glu (mM) Pre-6. 8 ± 1.6 6.8 ± 0. 5 6.8 ± 0. 8 7. 4 ± 0. 5 7.9 ± 0. 6 7. 0± 1. 1 (6) Post-9.4 ± 1.6 11. 4±3.4 10. 9 ± 3. 3 8.7 ± 1. 9 9.2 ± 2. 1 12. 
Systemic arterial variables for the resuscitated groups. Rats were subjected to 11-13 min of total cerebral ischemia, resuscitated, and then frozen in situ at the indicated times postrecovery. Pre-were the values before induction of cardiac arrest and post-were the values after the indicated durations of recovery from TCI.
Values are means ± SO; n = numbers in parentheses of the first two rows unless otherwise indicated. * indicates values significantly different from control (p < 0.05, ANOVA).
groups. These variables were very similar between the different experimental groups before the rats were removed from the plastic restraints (Table 1 , pre-TCI). However, reperfusion after 11-13 min of cardiac arrest resulted in pronounced alterations particularly within the first 10 min of recirculation (Table 1 , post-TCl). Resuscitated rats were acidotic by =0.2 pH units after 5 and 10 min of recovery compared to control (p < 0. 05) but had returned to near control by 30 min of reperfusion. Coincident with systemic acidosis, the rats were hypertensive (see also Fig. 1 ), but were significantly hypotensive by 360 min of recovery. Significant hemoconcentra tion was observed at 10 and 30 min of reperfusion.
With increased duration of recovery, the hematocrit returned to preischemic values. The elevated arte rial p02 after 5 and 10 min of retlow was a conse quence of adjusting the inspired air to 100% O2 dur ing resuscitation.
Cerebral metabolites
TCI without resuscitation. The changes in the metabolic profile of the cerebral cortex, striatum, and hippocampus in response to ischemia were es sentially complete within the first 5 min of the event (Table 2 ). ATP and PCr were depleted while the concentrations of 5'-AMP and creatine were con comitantly elevated. ADP in the cerebral cortex and hippocampus fell at a slower rate than in the stria tum, taking 10 min to reach a value significantly lower than control in the first two regions instead of only 5 min for the striatum. The 5'-AMP concentra tion was markedly elevated after 5 min of ischemia in all three regions, but then declined steadily over the following 25 min of ischemia. With the decrease in PCr, there was a corresponding increase in cre atine, and thus there was no significant alteration in total cellular creatine (PCr + creatine). EC was near 0 by 5 min of ischemia and remained de pressed. Intracellular pH, as determined by the cre atine kinase equilibrium, fell by at least 0.8 units in all regions, although the calculation under these conditions may be somewhat unreliable.
The constant levels of total creatine during cere bral ischemia was in contrast to total adenylates ([ATP] + [ADP] + [AMP]), which steadily de- 
(2) Stri 7. 1 ± 0. 3 6. 2 ± 0. 8* 5. 9 5. 9 4. 8 (9)
(3) (I) (I) (I) Hipp 7. 3 ± 0. 4 6.0 ± 0. 3* 6.0 ± 0.5* 5.9 ± 0.5* 5.5 ± 0.2* 5.7 ± 0. 3* (9)
(3) 
The metabolite concentrations were measured from brains frozen in situ after the indicated durations of cardiac arrest. Ctr are control animals; Crtx is the cerebral cortex, Stri is the striatum, Hipp is the hippocampus.
Values are means ± SD; n = numbers in parentheses. * indicates values different from control (p < 0.05, ANOVA).
elined with increasing duration of ischemia (Table  2) . By 5 min of cardiac arrest, the intracellular pool of adenylates had dropped in all three regions to 80, 77, and 72% of control for the cerebral cortex, stri atum, and hippocampus, respectively (p < 0.05).
The decrease was continuous so that by 30 min of ischemia, the concentrations of total adenylates were 42-49% of control (p < 0. 05). The Tl/2 (calcu lated from exponential least-squares analysis) for the disappearance of the adenylate pool was 25.6 ± 1.8, 26.5 ± 3.5, and 20. 9 ± 3. 2 (n = 6 for each nonlinear regression line) minutes for the cerebral cortex, striatum, and hippocampus, respectively (p < 0. 05 between the hippocampus and the other two regions). Tissue lactate was dramatically elevated after 5 min of ischemia, which reached plateau levels after 10-20 min in all three brain regions ( Table 2 ). The rate of rise was faster in the hippocampus than the cerebral cortex and striatum so that by 5 min there was significantly more lactate in the hippocampus than the other two regions ( Table 2 ). The tissue lactate accumulation was greatest in the hippocam pus followed by the cerebral cortex and striatum in descending order (Table 2) . These values were found to be significantly different from each other (p < 0.05).
TCI with resuscitation. Reperfusion following 11-13 min of ischemia resulted in the rapid return of PCr, ADP, AMP, creatine, pH, and EC to pre ischemia values within 5 min of retlow (Table 3) . The concentration of ATP, however, required be tween 30 to 60 min of recirculation to reach control values. After 5 min of retlow, the ATP concentra tions were 79-81% of control (p < 0.05). By 30 min of recovery, intracellular ATP stores had returned to 84-88% (p < 0.05) of control, which continued to improve so that by 60 min they were 89-95% of control (NS).
By 5 min of reperfusion, the concentration of the total adenylate pool was found to be between 78 and 80% of control (Table 3 , p < 0.05). After 10 min of retlow, they were significantly lower than control in the cerebral cortex and striatum but not hippocam pus. The adenylate pool was still depressed in the cerebral cortex and striatum after 30 min of recov ery (p < 0. 05). By 60 min of reperfusion, the intra cellular adenylate pool had returned to values near normal in all regions, although even by 6 h they had not quite reached control levels.
Tissue lactate required 30 to 60 min of recircula tion to return to preischemic values (Table 3) . Lac tate in the hippocampus after 30 min of recirculation was found to be significantly elevated when com pared to the striatum but not to the cerebral cortex (Table 3 ; P < 0. 05). The Tlh for the disappearance of lactate (calculated from exponential least-squares analysis) was 9. 5 ± 0. 5 (n = 4) min for the cerebral cortex, 9. 5 ± 0.8 (n = 4) min for the striatum, and 11.9 ± 1.9 (n = 5) min for the hippocampus (p < 0. 05 between the hippocampus and the other two regions).
Cerebrovascular perfusion
A pronounced hyperemia was observed in all re gions following reperfusion of the brain after 11-13 min of total cerebral ischemia (Fig. 3) . The cerebral cortex (322 ± 66 ml 100 g -1 min -I ), striatum (324 ± 32 ml 100 g-I min -I ), and hippocampus (318 ± 22 mll00 g-I min -I) exhibited blood tlows 230-350% of control (140 ± 3, 118 ± 5, and 92 ± 10, respec tively, p < 0. 05) by 5 min of reperfusion. The hy peremic phase persisted for at least 10 min of retlow though there was a deeline in CBF from the 5-min values. By 30 min of recirculation, these brain re gions were in a state of severe hypoperfusion. The blood tlows of this phase were 23 ± 5 ml 100 g -1 min -I for the cerebral cortex (16% of contro\), 32 ± 5 ml 100 g-I min -I for the striatum (27% of control) and 24 ± 3 ml 100 g -I min-I for the hippocampus (26% of control, p < 0.05), which improved to 40-66% of control by 360 min of reperfusion (80 ± 25, 77 ± 17, and 49 ± 10 ml 100 g -1 min -I , respec tively, p < 0.05).
The sucrose space indicative of cerebral plasma volume (CPV) was significantly elevated at 5 min of recirculation in the cerebral cortex (2.51 ± 0.24 ver sus 1. 32 ± 0.09 ml 100 g-l ), striatum (2.22 ± 0.69 versus 1. 04 ± 0. 04 ml 100 g-l ) and hippocampus (2. 54 ± 0. 11 versus 1. 27 ± 0. 29 ml 100 g-I ; 180-220% of control, p < 0.05) but had returned to near control values by 10 min of recirculation (1.71 ± 0.14, 1.23 ± 0.03, and 1. 53 ± 0.13 ml 100 g-I , respectively; NS; Fig. 4 ). During the hypoperfusion period, sucrose space was near control although there was a trend towards increased sucrose space at 60 and 360 min of recovery.
The tissue MTT did not change from control dur ing the first 10 min of recovery from TCI for the cerebral cortex (1. 07 ± 0. 09 versus 1.01 ± 0.21 s and 0.87 ± 0. 14 s for control and 5 and 10 min of recirculation, respectively), striatum (0.99 ± 0. 03 versus 0.85 ± 0.11 sa nd 0.89 ± 0.17 s, respectively) and hippocampus 0. 56 ± 0.19 versus 0. 99 ± 0.10 s and 0.94 ± 0.14 s, respectively; Fig. 5 ). However, by 30 and 60 min of recirculation, a dramatic in crease in the time required for the blood to pass through the vasculature was observed for all re gions (cerebral cortex, 5.21 ± 0.96 and 4.89 ± 2.12 s; striatum, 3. 57 ± 0. 66 [NS] and 4. 10 ± 2.63 s; (2) (4) (4) (3) (2) Stri 7. 1 ± 0.3 7. 0 ± 0.3 6. 9 6.7 ± 0.3 6. 9 ± 0.3 7.3 ± 0.2 (9)
Minutes of reperfusion
Animals are the same as in Table I . The metabolites were measured from brains frozen in situ after the indicated recovery durations from cardiac arrest. Ctr are control animals; Crtx is the cerebral cortex, Stri is the striatum, Hipp is the hippocampus.
Values are means ± SD; n = numbers in parentheses. * indicates values significantly different from control (p < 0.05, ANOV A). hippocampus, 5.77 ± 1. 42 and 6. 05 ± 2.69 s; p < 0. 05 compared to control except where noted). This delay was associated with the hypoperfusion phase.
There was a trend toward decreased MTT at 360 min of recovery (2. 59 ± 0. 74, 2. 30 ± 0. 66 and 4. 01 ± 1.51 s for the three regions, respectively), which was coincident with the recovery of CBF (NS).
DISCUSSION

The model
The model we used for these studies was proba bly a better model of cardiac arrest and resuscita tion than selective forebrain ischemia models be cause it takes into account any effects of systemic ischemia on central ischemic damage. An advan tage of this model was that it allowed for the induc tion of cerebral ischemia in an awake, fully con scious animal, thereby circumventing the need for centrally acting drugs before the event.
The temperature of the brain during an ischemic insult has an influence on the extent of damage; even decrements as small as 2°C may reduce isch emic damage by 50% (Busto et aI., 1987) . The low est temperature of the temporalis muscle that we recorded during ischemia was 36°C, which was probably above the temperature threshold for the ameliorating effect on neuronal damage following total cerebral ischemia (Busto et aI., 1987) . The CA I region of the hippocampus has been shown to be selectively vulnerable to stroke in an imal models (Pulsinelli et aI., 1982; Blomqvist and Wieloch, 1985) and in humans (Petito et aI., 1987) . Consistent with these observations, ischemic dura tions of 11-13 min in the cardiac arrest model used here resulted in the loss of the hippocampal CAl neurons in all 10 rats that survived 7 days or more.
Cerebral metabolites
Increased lactate production has been associated with greater severity of neuronal damage following an ischemic insult (Siesjo, 1981; Kalimo et aI., 1981;  for a comprehensive review, see Siesjo, 1988) . This increased damage was attributed not so much to the presence of lactate but rather to the concomitant production of protons, precipitating tissue acidifica tion (Siesjo, 1988) . We found that during ischemia, tissue lactate increased 5-to to-fold, with the most severe elevation occurring in the hippocampus. In addition, following reperfusion, the rate of disap pearance of lactate was slower in this region com pared to that of the cerebral cortex and striatum. The hippocampus has been found to be selectively vulnerable to ischemic events, especially the CAl pyramidal cells. While our sampling methods pre clude statements about specific subregions, the longer duration of higher concentrations of lactate in the hippocampus may be a major contributing factor in initiating events that eventually result in the destruction of the CAl cells.
Interestingly, the re-establishment of intracellular pH, as determined by the creatine kinase equilib rium, was an early event following retlow of isch emic cerebral tissue (Mabe et aI. , 1983) . This was in spite of the observation that the tissue lactate was still markedly elevated. ATP levels, though de pressed during the first 30 min of recovery, ap peared to be adequate to meet the needs of the cell as indicated by normal energy charge. In addition, the concentration of PCr was at control levels after 5 min of reperfusion. Taken together, these data suggest that when cellular energy metabolites were restored to near normal, the cell was able to control the intracellular pH even though lactate concentra tions were high. Disparity between lactate concen tration and pHi was observed after 24 h of recovery following 30 min of four-vessel occlusion in the rat (Paschen et aI. , 1987) . Thus, increased lactate con centration and decreased intracellular pH are cor related only during ischemia when the energy stores are depleted.
Alterations in other cerebral metabolites during ischemia and following reperfusion were as ex pected (Lowry et aI., 1964; Deuticke et aI. , 1966; Ljunggren et aI., 1974; Siesj6, 1981) . During isch emia, the size of the total adenylate pool declines (Lowry et aI. , 1964; Deuticke et aI. , 1966) . Total adenylates were also significantly lower than con trol after 5, 10, and 30 min of reperfusion following 11-13 min of ischemia. This suggests that the ade nylates were lost through further metabolism to ad enosine and then to xanthine during ischemia (Deu ticke et al., 1966) and that full recovery of the en ergy constituents of the cell might depend on the rate of de novo synthesis of adenylate nucleotides even though normal EC suggested that oxidative phosphorylation had recovered.
Cerebrovascular perfusion
Sucrose does not readily cross the blood-brain barrier in the normal or ischemic brain (Lo et al. , 1987) and thus would yield an accurate estimate of CPV. However, after 15 min of retlow following 30 min of four-vessel occlusion, there was an � 70% increase in permeability of the blood-brain barrier to small molecules, which returned to control by 30 min (Sage et aI. , 1984) . Yet, even an increase in the extraction fraction of sucrose of this magnitude would contribute <5% error to our estimate of plasma volume following retlow of ischemic tissue. In addition, the single-pass indicator fractionation method used in this study would tend to minimize sucrose blood-brain barrier permeability error in our CPV estimations.
Hyperemia. With re-establishment of blood tlow J Cereb Blood Flow Metab. Vol. 11, No.2, 1991 following total cerebral ischemia, a pronounced hy peremia was observed, which has been previously reported (Hossmann, 1982; Blomqvist and Wieloch, 1985; Todd et aI., 1986; LaManna et aI., 1988; Michenfelder and Milde, 1990 ). This period was as sociated with a 100% increase in plasma volume and unchanged MTT. These observations were consis tent with the concept of reactive hyperemia, where the cause of increased CBP was increased capillary volume.
Vasoactive agents such as adenosine, protons, and extracellular K + ions, which accumulate during ischemia in brain tissue, have all been implicated in hyperemia. Our data suggest that in addition to these, systemic factors such as systemic arterial ac idosis and hypertension are also contributing fac tors.
Hyperemia may be necessary if the tissue is to recover following an ischemia insult (Hossmann, 1982) . However, others suggest that hyperemia im mediately following retlow of ischemic cerebral tis sue may be harmful through oxygen free radical damage or by transmitting severe pressure directly to the capillary system resulting in blood-brain bar rier damage, thereby facilitating edema formation (Ito et aI. , 1980; Kogure et aI., 1981) . While the long-term effects of hyperemia on postischemic cel lular viability remain unclear, we found that hy peremia does not appear to interfere with the short term re-establishment of cellular energy metabo lites, suggesting that if hyperemia was detrimental, it was not because of direct perturbation of cellular metabolism.
HypoperJusion. Delayed hypoperfusion of >50% is a characteristic feature of cerebral hemodynam ics following total cerebral ischemia (Hossmann, 1982; Blomqvist and Wieloch, 1985; Todd et aI., 1986; LaManna et al. , 1988; Michenfelder and Milde, 1990) . In our study, no apparent decrease in CBV was evident in the hypoperfusion after cardiac arrest-induced TCI. Dobbin et al. (1989) report val ues near control at 3 h of reperfusion following 30 min of transient four-vessel occlusion but elevated CBV after 24 h of retlow. These are in contrast to reports of small reductions in CBV during hypo perfusion (Todd et aI., 1986; LaManna et aI., 1985) , which could not account for the decrease in CBP unless there was also a concomitant increase in MTT. An increase in the MTT, measured in intact brain by optical methods, has been observed during hypoperfusion (LaManna et aI., 1985; Welsh et aI., 1982) . Thus, although the changes in CBV may be model dependent, an increase in MTT appears to be a common characteristic of hypoperfusion.
The increase in MTT during hypoperfusion sug-gests that the rate of flow of the cerebral circulation through the vasculature was retarded. This may be a consequence of rheological changes such as the hemoconcentration observed after 10 and 30 min of ischemia that may contribute to sludging. Alterna tively, slower blood velocity could have resulted from precapillary vasoconstriction. Similar to hyperemia, the effects of hypoperfu sion on the evolution of ischemic damage is not well understood. The production of oxygen free radicals may be involved in the pathogenesis of ischemic damage (Demopoulos et a!., 1980) . Thus, hypoper fusion may be beneficial by limiting the exposure of cerebral tissue to oxygen. However, it has also been proposed that hypoperfusion may be deleteri ous by creating areas of local ischemia as a conse quence of metabolic-CBF mismatch (Hossmann, 1982; Levy et aI., 1979; Siesjo, 1981) . Recent evi dence contradicts this latter concept and suggests that hypoperfusion per se may have little if any in fluence on the pathophysiology of ischemic damage (LaManna et aI. , 1988; Michenfelder and Milde, 1990) . B10mqvist and Wieloch (1985) found good coupling between the metabolic rate of glucose and CBF during hypoperfusion and the coupling be tween the metabolic rate of oxygen and CBF also appears to be maintained (Michenfelder and Milde, 1990) . In a survival study, neither the degree nor duration of hypoperfusion following TCI could be correlated with neurological outcome after 1 week of recovery (LaManna et a!. , 1988) . In this study, during hypoperfusion, there was no evidence of metabolic-CBF mismatch as indicated by normal EC, PCr, pHi' and the return to normal of ATP levels.
